We present a method for precisely measuring the tunnel splitting in single-molecule magnets (SMMs) using electron-spin resonance, and use these measurements to precisely and independently determine the underlying transverse anisotropy parameters, given a certain class of transitions. By diluting samples of the SMM Ni4 via co-crystallization in a diamagnetic isostructural analogue we obtain markedly narrower resonance peaks than are observed in undiluted samples. Using custom loop-gap resonators we measure the transitions at several frequencies, allowing a precise determination of the tunnel splitting. Because the transition under investigation occurs at zero field, and arises due to a first-order perturbation from the transverse anisotropy, we can determine the magnitude of this anisotropy independent of any other Hamiltonian parameters. This method can be applied to other SMMs with tunnel splittings arising from first-order transverse anisotropy perturbations.
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Single-molecule magnets (SMMs) have the potential to be used as spin qubits, combining the simplicity of a single large-spin system with the tunability afforded by chemical engineering. One of the main challenges for the use of such systems is that the proximity of the molecules within a crystal causes significant dipolar interactions, leading to decoherence of the quantum spin state. One method for reducing dipolar interactions in molecular spin systems is applying high fields to polarize the system; this method was used to show the importance of such interactions in decoherence.
1,2
Another approach is to dilute the sample, spacing the magnetic molecules apart within a diamagnetic environment either by dissolving samples in an appropriate solvent 3, 4 or by co-crystallizing molecules with diamagnetic analogues. 5, 6 The co-crystallization technique has the advantage that the system is crystalline and the molecules therefore retain orientational order. In addition, recent experiments have focused on atomicclock transitions as another method of minimizing decoherence: by working at an avoided level crossing, the decoherence time T 2 can be significantly enhanced. [6] [7] [8] In this work, we present a method for using electronspin resonance (ESR) to precisely measure the zerofield tunnel splitting in SMMs with splittings of order ∆/h = f ≈ 1 − 10 GHz. By combining dilution via co-crystallization with custom-designed resonators and a tunnel splitting that is determined through first-order perturbation theory, this method allows the determination of the transverse anisotropy independently from any other Hamiltonian parameters. This precise determination of the tunnel splitting permits experiments to be tuned precisely to the clock transition, maximizing spin coherence.
Here we consider the SMM [Ni(hmp)(dmb)Cl] 4 ("Ni 4 "), a system with spin S = 4, 9 where hmp stands for 2-hydroxymethylpyridine and dmb for 3,3-dimethyl-1-butanol. Based on this molecule's four-fold symmetry, it can be described by the "giant spin" Hamiltonian
where D and A are axial anisotropy parameters, C is the transverse anisotropy parameter, g is the g-tensor, and B is the applied magnetic field. This Hamiltonian describes a system with an easy axis (z). The transverse anisotropy term breaks the symmetry of the molecule and permits tunneling between levels with ∆m = ±4n (integer n). Determining the exact energy spectrum for such an SMM is normally accomplished by performing high-frequency ESR at various magnetic fields and fitting the resonance peaks to energies described by the Hamiltonian. 10, 11 This approach yields values of all relevant Hamiltonian parameters, but is less sensitive to the transverse anisotropy terms, as they are generally significantly smaller than the axial anisotropy terms, meaning that the transverse terms can typically only be determined to about one digit of precision.
More direct measurements of the transverse anisotropy can be done, such as the experiment by Shiddiq et al. 6 They studied the SMM HoW 10 , diluted by cocrystallization, and measured the splitting ∆ ±4 between m = ±4 spin states, which is connected by the C S 4 + + S 4 − transverse anisotropy. In that case, where ∆m = 8, the states are coupled through second-order perturbation theory, meaning that the splitting depends on both C and D: ∆ ±4 ∝ C 2 /|D|. By performing a similar experiment on the Ni 4 system using states connected through a first-order perturbation, we are able to directly measure C for this system with no reliance on other Hamiltonian parameters.
We studied Ni 4 diluted by co-crystallization with Zn 4 , an isostructural diamagnetic molecule. This dilution leaves the majority of the Ni 4 molecules intact and allows control of the average intermolecular distance between Ni 4 centers. Details on this synthesis will be presented elsewhere.
12 Ni 4 can be well described by Eq. 1, and has a significant transverse anisotropy term C, which produces Fig. 1(a) , leading to a doubling of the ESR spectra. 11, 13 The effects of this conformational change on the spin Hamiltonian are not fully understood, allowing the possibility that the fourfold symmetry of Ni 4 is broken, which could introduce a second-order transverse anisotropy term. In the absence of evidence for such symmetry-breaking, or higher-order transverse anisotropy terms such as S 2 z S 4 + + S 4 − + h.c., we assume that the only significant contribution to the splitting is the fourth-order "C term".
For small fields applied along the easy axis, the field dependence of the splitting of the levels shown in the inset to Fig. 1(a) can be well described by
where ∆ ±2 is the zero-field splitting, m and m ′ are the quantum numbers associated with the levels far from the avoided crossing -2 and -2, respectively, for the case studied here -and g z is the g factor along the z axis. All energies are measured in units of frequency.
ESR measurements were done by placing single-crystal samples of Ni 4 in the loop of a loop-gap resonator (LGR) 14 designed to match specific frequencies.
LGRs produce a uniform high rf magnetic field in the loop, as shown schematically in Fig. 1(b) . The dimensions of the loop are small compared with the wavelength, allowing a high filling factor to be achieved. Our LGRs typically have quality factors of Q ∼ 2000. Their resonant frequency can also be tuned by introducing a dielectric such as sapphire into the gap, giving the resonators used in this work an effective range of several hundred MHz. By sweeping the field, we move the sample on and off resonance with the LGR, producing dips in Q when the sample couples to the resonator. The samples studied here were aligned to minimize θ, the angle between the easy axis and the DC field, such that θ < 10
• , making Eq. 2 a valid description of the splitting. Fig. 1 ; the peaks at lower (higher) fields correspond to transitions associated with the green solid (red dashed) levels. For comparison purposes, the inset shows spectra at ν = 4.8 GHz for 100% Ni 4 (red dashed line) and 5% dilute Ni 4 (black solid line), illustrating the effectiveness of dilution in enabling the resolution of the fine features we are investigating (the four central peaks). The precision of our experiment relies on being able to resolve these fine features. By fitting the spectral peaks for the dilute (Ni 4 ) 0.05 (Zn 4 ) 0.95 sample to Lorentzian functions, we extracted the field location for each peak at each frequency. Figure 2 shows the observed frequency-field relation for peaks from each conformational state as blue circles and green squares. We fit this data to Eq. 2; in order to determine ∆ ±2 , no assumptions need be made about g z as ∆ ±2 is independent of B. We applied this fitting for both conformational states, and the resulting fits are shown as the blue dashed line and the purple dash-dotted line in Fig. 2 , yielding splitting values of ∆ ±2,1 = 4.64(2) GHz and ∆ ±2,2 = 3.72(20) GHz. Using first-order perturbation theory, one can show that this splitting is related to the transverse anisotropy through ∆ ±2 = 720C, which gives C 1 = 6.44(3) MHz and C 2 = 5.16(27) MHz for the two conformational states. These values are in reasonably good agreement with previous measurements 15, 16 of C = 6 MHz, but give much greater precision and allow us to differentiate the values associated with the two conformational states. The uncertainty in the determination of the splitting for the second state is significantly higher than the first, due to the lack of data near its zero-field frequency. From the fit to Eq. 2, we can also extract g z values of g z,1 = 2.18(8) and g z,2 = 2.11 (16) , which are consistent with each other and with values determined at much higher fields.
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Our work gives precise measurements of the transverse anisotropy parameter C, independent of the value of any other spin Hamiltonian parameters. Given the symmetry of the molecule (S 4 in this case), we attribute the splitting to arise from the transverse C term in Eq. 1, which is the leading-order term consistent with the symmetry. Without measurements of other tunnel splittings, we cannot rule out contributions from higher-order transverse anisotropy terms in the Hamiltonian. Neglecting the small effect of such possible terms, we can relate the splitting of the observed transition to C through firstorder perturbation theory. Since our experiment involves applying the field along the easy axis of the system, we do not gain information about the direction of the hard axes (x and y) relative to the crystallographic directions. A careful study of the behavior of the tunnel splitting on the azimuthal direction of a field applied in the x-y plane should allow a precise determination of the hardaxis directions. In fact, when the field is applied along a hard axis, a geometric-phase-interference effect should cause the tunnel splitting to be suppressed for certain field magnitudes. [17] [18] [19] While the work herein considers systems with four-fold symmetry, a similar technique can be applied to SMMs with lower symmetry, where the dominant transverse anisotropy would have the form 
